Background: Image registration (IR) is an important process of developing a spatial relation-
placed and its position is monitored with the navigation system.
In most CAOS applications for knee surgery, pre-operative CT scans are acquired on the patient's leg and are segmented to create a patient specific 3D knee model. Image registration (IR) is one of the important intra-operative phases of CAOS in which a spatial relationship between the pre-operative imaging data and the physical patient present in the operation theatre is developed. IR in most CAOS knee surgery applications is achieved using a manual method comprising hand-held navigated probes. Anatomical points are acquired by physically touching the probe over the articulating surfaces (tibial plateaux Source of financial support: This study was funded by International fees only studentship from the University of Strathclyde.
and femoral condyles) of the knee joint to form a point cloud which can then be fitted to the pre-operative scan data using a best fit type minimisation. However, this manual digitisation approach is laborious, time consuming and hence costly. In our recent surgical trial of MAKOplasty ®2 this process consumed upwards of 14-20 minutes. 3 
| Study design
In this study, a bespoke automated and contactless 3D laser scanner was built and used to acquire the point clouds of the articulating surfaces of cadaveric knee joints. In the first concurrent validity, the laser and MRI scanned data of the cadaveric knee joints were compared to establish the accuracy and reliability of the laser scanning technique.
In addition, a supplementary validity study was conducted for every cadaveric sample in which the distance measurements acquired by the laser scanner were assessed against standard digital vernier caliper measurements.
| MATERIALS AND METHODS
Ten fresh frozen cadaver knee joints were used in the study. Eight of the ten samples were obtained from the Anatomy Gift Registry, 7522 Connelley Drive, Suite L, Hanover, MD 21076, USA. The remaining two samples were collected from the Clinical Anatomy Skills Centre (CASC), Glasgow University, Glasgow, UK. All the samples were stored in the freezer at −19.5°C and had their anatomical structure present from hemi-pelvis to toe.
Prior to these studies, all cadaver legs had been operated on post donation with a medial UKA surgery. Lateral compartments of all the samples were intact with smooth articular cartilage which were used in this investigation.
| Concurrent validity study 1
The surface topology of the cartilage surfaces was experimentally acquired using 3D FLASH (Fast Low Angle Shot) MR imaging technique.
This technique is used clinically and provides high signal to noise ratio (SNR) and contrast to noise ratio (CNR) to adequately set apart cartilage and bone interfaces in healthy as well as arthritic knee joints. 4, 5 Although, 3D FLASH MR imaging provides poor contrast between synovial fluid and cartilage and high sensitivity to the artefacts; the technique still makes the segmentation of the articular cartilage and bone relatively easier and is still therefore considered the standard MR imaging technique for depicting articular cartilage morphology. [4] [5] [6] [7] [8] All the samples were thawed 48 hours prior to the MR imaging and were scanned on a Siemens MRI station at 1.5 T using 3D FLASH technique. A standard protocol presented in the literature was followed. 4, 5, 9 The slice thickness was 1 mm with no gap width. With a field of view (FOV) of 160 mm, flip angle of 12°was set at 0.3 mm × 0.3 mm in plane resolution and 512 × 512 acquisition matrix. The protocol was approved by a highly skilled clinical imaging research team in the Western Infirmary, Glasgow where the scanning was performed. A sagittal MRI was performed ( Figure 1 ) and the scan slices were converted into a 3D
volume. Samples were placed in the freezer post-MRI scanning.
DICOM MRI images were segmented using advanced clinical software Mimics (Materialise's Interactive Medical Image Control System) designed for medical image processing. 3D point clouds of the articular cartilage surfaces were generated and were exported in binary. STL (stereolithography) format using the STL+ module.
For the laser scanning, a low cost range scanner was constructed using basic components such as a calibration mask, a camera and a laser source. 10 Winkelbach and co-authors 11 provided a real-time self-calibrating hand-held 3D laser scanning system, which is also known as DAVID Laserscanner. This system is free from markers and uses sub-pixel analysis of greyscale difference images. This method works with a fast surface registration and with an improved random surface matching process based on the RANSAC (Random Sample Consensus) algorithm. 12 This approach is not only robust and efficient but also can match frames of objects without the need for an initial guess of the position.
Using the typical DAVID Laserscanner software package, scanning can be achieved with satisfactory accuracy and precision; but, the calibration planes need to be placed behind the object at all times during scanning. Due to the complexity in the knee joint and its positioning in the theatre, keeping the calibration curves behind the knee during scanning would be highly impractical. Moreover, hand-held scanning could be further time consuming due to irregularities in the manual movement of the human arm. However, recent versions of the software enable users to perform the scanning without calibration planes; provided that the laser source is moved in a precise constant motion and the relative distance between the receiving camera and the laser source remains fixed at all times. Thus, the scanner developed using DAVID Laserscanner was automated to eliminate the use of calibration planes during actual scanning.
After an extensive review of the relevant literature, possible laser emitters of suitable wavelength and power output were found which would generate a safe and undistorted output of articular cartilage and bone surfaces. [13] [14] [15] [16] [17] A low cost (£3) class 2 line laser module
(1 mW, 650 nm) was interfaced with a standard Logitech 720p detector webcam costing £17. The laser source was attached to the shaft of A2 sized calibrations planes were used for the calibration and were then removed for the actual scanning.
The laser emitter (attached to the geared stepper) and the detector camera were mounted on a robust positioner assembly constructed using aluminium extrusion plates (Figure 2 (a) ). In addition, the scanning modules were mounted on the end-effector of the MAKO Surgical
Corps's RIO ® arm shown in Figure 2 (b). This mimics the setup which would be possible if this robotic surgical system was in use during MAKOplasty ® surgery.
Each cadaveric leg sample was again thawed 48 hours prior to the experiments. The samples were attached to a surgical table in a typical knee flexed operating position using straps around the hemi-pelvis as shown in Figure 3 . The foot was attached to a sliding foot holder to allow variable knee flexion. The scans for each leg were acquired using two setups (aluminium extrusion and RIO) to investigate whether there is any difference between a bulky extrusion based scanner and a relatively portable RIO mounted scanner. In addition, the scans were scanned through two typical surgical exposures (UKA, TKA) which generated another set of variables.
The laser scans were post-processed using a robust digital image between the models were calculated. Each deviation is a Euclidean distance in a 3D space between the two closest points. 3D colorcoded mappings of residual differences between the scans were then generated to visualise the spatial distribution of the errors.
In the experimental design, three independent variables were used each with two levels viz., the exposure (UKA, TKA), the positioner setup (aluminium assembly, MAKO RIO), and the type of surface (tibia, femur). A repeated measures ANOVA test was performed using a standard statistical software package, SPSS (developed by IBM Corporation, NY, USA) to investigate the effects of the independent variables on the dependent variable (AAE). For every set of measurements, an absolute error (AE) and absolute percentage error (APE) were computed followed by average absolute error (AAE) and average absolute percentage error (AAPE, also known as MAPE, mean absolute percentage error). Significance in both studies was tested at α = 0.05 level.
| RESULTS
The key findings of the studies are reported in this paper. The in-depth investigation is available online. 10 The outcome of the data comparison for a single femoral scan example is explained in detail with its deviation distribution and spatial distribution of the deviations in a colour coded pattern. This is followed by a summary table of all the samples. 
| Effects of independent variables:
In the next stage, the effects of three independent variables i.e. type of setup (aluminium extrusion, RIO), type of exposure (UKA, TKA) and type of surface (tibia, femur) on the dependent variable, AAE were studied. The main effects of the independent variables as well as the interactions between the variables were studied. The summary of this analysis is reported in Table 2 .
| Validity study
A bar graph (Figure 8(a) and 8(b) ) along with error bars depicting variations in the measurements is shown for one of the 20 FIGURE 6 Deviation distribution between MRI and laser scan of an example right femoral lateral cartilage. Deviation in mm is plotted against the percentage of points within the range of deviations. Note: ±d max occurred at the periphery surfaces. In addition, a summary of all the 4200 measurement comparisons is reported in Table 3 . Both the methods (laser and vernier caliper) were responsive so changing the differences between the screws and intermeasurement system differences were small with 95% of the scanned measurements within 1 mm of the vernier calipers.
| DISCUSSION
Over the last decade, CAOS has emerged particularly in the area of minimally invasive UKA surgery. With the more conservative approach of UKA (compared with TKA), which has been reenergised with the development of advanced robotic systems, only the affected Table 1 .
The effects of independent variables (setup, exposure and surface)
were investigated using repeated measures ANOVA and are shown in Table 2 . There was no statistically significant difference in AAE within the two types of setups (Al and RIO), F(1,9) = 1.148; P = 0.312 which indicates that the bulky aluminium extrusion setup can be replaced with the positioning RIO arm which in our case would already be present in the theatre. Thus, it would be possible to make one compact system consisting of the robot and the scanner and save plenty of space in the operating theatre. The AAE with TKA exposure was signif- The main and interaction effects of the independent variables indicating the P-value statistics, the significance of the statistics and the interpretation of the results. icantly higher than UKA exposure, F(1,9) = 40.808; P = 0.0001. It may seem that greater errors occurred with greater exposure but this was a result of exposing more edges to the scan where the surface was at a greater angle to the incident laser light and hence, the errors in depth perception possibly produced larger errors between laser and MRI scans. However, these errors remained sub-millimetric. The AAE on the femoral surfaces was significantly higher than on the tibial surfaces, F(1,9) = 14.863; P = 0.004. The ends of the femoral condyles contain more regions where the profile of the bone surface is at a greater angle to the incident laser light and hence greater errors at the peripheries contribute to overall higher AAE. However, these errors were again sub-millimetric. In other words, the greater errors with TKA exposure (compared with UKA exposure) and on femoral surfaces (compared with tibial surfaces) can be attributed to the 'edge effect', which affects most triangulation systems. This can be seen in the colour coded deviation distribution map ( Figure 7) where a higher percentage of the larger deviations appeared on the peripheries. 3D scanners and particularly laser based scanners tend to produce errors at the spatial discontinuities or edges of the surfaces being scanned.
When the laser hits the surface edges, only a certain part is reflected from the actual point and some reflection is always induced by the adjacent surfaces or the surface behind the object. Thus, the final signal is a mixture of the signals from the foreground and the background. This phenomenon is called a 'mixed-pixel effect' or 'edge effect'. Due to the higher slope on the edge of the surface and the viewing direction of the scanner, the laser plane falls almost tangentially on the edge which leads to errors in location of these points in the cloud and thus causes inaccuracies and distortions in the scan. [23] [24] [25] [26] [27] [28] [29] During scanning, the scanner was always positioned such that the surface (tibial and femoral condyle) being scanned was in the centre of the camera image. With the TKA incision, additional surface exposure is provided which is usually towards the peripheral region of the surface. Also, femoral condyles are more non-uniform and curved in their surface topography when compared with the tibial plateau. So, while scanning the femoral condyles, there is a higher slope of the target around the edges and the curved region which causes higher deviations in those areas. As a result, the laser plane incidents more tangentially on the femoral condyles as compared to the tibial plateau and thus the edge effect results in higher deviations.
Furthermore, a careful statistical investigation showed that there was no significant interaction (two-way and three-way) found between the variables, P > 0.05. As the interactions were not significant, the main effects of the independent variables can be accepted. [30] [31] [32] [33] The second stage in the experimental design was to compare the automated distance measurements acquired using the developed laser scanner with the manual measurements using a digital vernier caliper an approach widely accepted in research and industry to evaluate the technical performance of 3D imaging systems for geometric accuracy. [34] [35] [36] [37] [38] [39] [40] [41] A bar graph with error bars for an example surface is presented in Figure 8 The measurements between the two systems were analysed using a two-sample independent t-test.
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The P-values for each surface comparison are reported in Table 3 .
None of the differences were statistically significant, P > 0.05 and in A simple way of controlling the edge effect would be by removing any regions where the slope of the scan is at an acute angle to the scanner as these are the areas that are most likely to add higher magnitude of errors to the fitting. An automated process is thus should be explored such as distance between centre of the scanner and surface being scanned, sex of the patient, cross-sectional area of the surface, etc.
| CONCLUSION
A series of experiments in this study demonstrated that average deviations between the MRI and the 3D laser scans were in general less than half a millimetre. This suggests that the system can repeatedly acquire accurate 3D scans of the tibio-femoral cartilage and bone in situ in the operating theatre environment. The second validity study has proven that the developed laser scanner measurements were accurate, precise and repeatable compared with a standard measurement system such as a digital vernier caliper. The sample size of 10 surfaces should be born in mind with the sub-millimetric accuracy of the scans.
This study has addressed an important issue of accelerating the current manual intra-operative surface acquisition and image registration process of CAOS using 3D laser scanning. The feasibility of using an automated 3D scanner based on the DAVID Laserscanner technique was validated. The system is capable of acquiring scans of the tibio-femoral joints in theatre to generate complete 3D models of the surface geometry and to an accuracy better than 1 degree across the whole scan surface. The proposed technique is completely contactless and does not require critical points in the hidden regions of the joint thereby allowing surgeons to control the overall incision size limited to the surface being burred. The system was built using inexpensive components and the total cost of the scanning hardware was less than £200. Using the MAKO Surgical registration approach to register each bone surface required approximately 15 minutes whereas the overall time for proposed laser based registration could be less than 4 minutes for every joint, of which the majority of time is spent in the post-processing of scans, which could further be automated.
The system and method have much to offer to CAOS in terms of speed and accuracy of registration and also the potential for both imageless surgery as well as cartilage property assessments.
